Ionic liquids are largely used to leach metals from primary (ores) and secondary sources (end-of-life products). However, dry ionic liquids with a carboxylic function on the cation have not yet been used to leach metals at temperature above 100 C and under atmospheric pressure. The ionic liquid betainium bis(trifluoromethylsulfonyl)imide, [Hbet][Tf 2 N], was used in the dry state to recover neodymium, dysprosium and cobalt from NdFeB magnets and NdFeB production scrap. The magnets and the scrap were crushed, milled and roasted before being leached above 100 C. Recovery efficiencies below 10%
Introduction
Manufacturers of high-tech devices strongly rely on metal supply and availability. The supply also has a strong effect on the materials' price. In the last report (2017), the European Union conrmed the criticality of the rare-earth elements (REEs) because of their high demand and supply risk.
1 Among many other applications, rare earths are mainly used in neodymium-iron-boron (NdFeB) permanent magnets, which also contain dysprosium (to improve the thermal stability), cobalt (to increase the coercivity) and praseodymium (as an impurity of neodymium), in addition to neodymium in the alloy with iron. NdFeB permanent magnets are present in the motors of electric cars and electric bikes, computer hard-disk drives, wind turbines and scanners for magnetic resonance imaging (MRI).
2 Rare-earth resources are limited and three options are proposed to mitigate their supply risk in Europe: (1) opening new mines, with the most promising project taking place in Greenland; (2) substitution of rare-earths by less critical metals; or (3) recycling and/or recovering of rare earths from end-of-life products and industrial waste streams. 3, 4 The recovery of metals from urban or industrial waste is crucial when one wants to move from the consumption economy towards the circular economy. 5, 6 Recycling technologies are traditionally classied as hydro-, pyro-and electrometallurgy. Hydrometallurgy refers to the group of processes based on the use of aqueous solutions to extract metals from solid species. Pyrometallurgical processes use high temperatures to melt and transform the solids of interest. In electrometallurgy, a series of electrical and electrolytic techniques are employed to extract metals from solutions. 7, 8 However, a combination of these three groups rather than the implementation of only one of them is frequently used. In this classication, a new branch and not much yet explored metallurgical eld was recently added: solvometallurgy. 9 The prex "solvo" indicates solvent and refers to a pool of techniques based on non-aqueous solvents. The even more specic term "ionometallurgy" is adopted in case the non-aqueous solvent is an ionic liquid (IL) or a deep-eutectic solvent (DES). [10] [11] [12] [13] [14] [15] Ionic liquids are solvents that consist entirely of ions and usually melt below 100 C. Ionic liquids are mainly implemented in processes between room temperature (RT) and 100 C. [16] [17] [18] [19] [20] [21] Ionic liquids have a low volatility and a low am-mability. Very few studies have reported on the dissolution of metals or metal oxides in ionic liquids above 100 C. Davris et al. carried out studies on the use of the ionic liquids [EMIM] [HSO 4 ] and [Hbet] [Tf 2 N] to leach rare earths from bauxite residues.
22-26
In particular for the [Hbet] [Tf 2 N] they worked at temperatures between 60 C and 180 C in an autoclave reactor. They investigated, among the other parameters, the role of water on the leaching both for solid waste and for natural ore, and they found an optimum at 40% v/v content of water in [Hbet] [Tf 2 N]. They also found that the used mixture is selective against Fe, as Dupont and Binnemans reported as well. 17 Molten pyridinium chloride (m. p. ¼ 115 C) was used to dissolve metals, metal oxides and metal salts in the works of Audrieth and Edwards (1936) , 27 Starke (1950) 28 and Hollebone and Wiles (1967).
29
Metals and metal oxides dissolved faster in molten pyridinium chloride than they did in metal salts. However, it must be pointed out that all these authors did not report detailed quantitative analysis of their tests. Hollebone and Wiles observed that grinding the mineral has a positive inuence on the dissolution efficiency, while Audrieth and Edwards observed the crucial role of water on the dissolution of oxides in molten "onium" salts. 27 According to Starke, the high dissociating power of water, which is oen introduced in combination with the solvent, is a driving force for the dissolution of the material but it can lead to undesired dissociation reactions involving the solvent. 28 Molecular compounds, such as pyridinium chloride, offer an alternative to mineral acids and do not introduce water as diluent in the system. In fact, Hollebone and Wiles commented that the reactions of inorganic compounds in HCl in pyridine are very similar to those of HCl in aqueous solutions.
In this paper, the ionic liquid betainium bis(triuoromethylsulfonyl)imide, [Hbet][Tf 2 N], without addition of water is used to leach NdFeB magnets and NdFeB production scrap at atmospheric pressure at a temperature of 175 C.
Exclusion of water has the advantage of allowing to work at temperatures above 100 C without the use of an autoclave and consequently to increase the reaction kinetics. were able to dissolve NdFeB magnets in water-saturated [Hbet][Tf 2 N] and to selectively separate Nd and Dy from Fe and Co, but the dissolution process was slow. 17 At the same time, they showed that the leaching process was efficient only in the presence of water. In the present paper, specic attention is paid to the leaching mechanism and the coordination chemistry of the metals in dry [Hbet][Tf 2 N]. The role of water or coordinating anions such as chloride in the dissolution process is highlighted. Although a dry system was developed, the presence of water could not be excluded a priori, since water is produced by the reaction between the metal oxide and [Hbet] [Tf 2 N]. The water produced might not evaporate if it coordinates to the metal:
where M is Nd(III) or Fe(III) or a mixture of the two. Characterization and pre-treatment of the solid materials
Non-coated and demagnetized NdFeB magnets and NdFeB production scrap with a high Dy content were kindly provided by Magneti Ljubljana (Ljubljana, Slovenia) (Fig. 2 ). The composition of the different materials was determined by a Perkin Elmer Optima 8300 inductively coupled plasma optical emission spectrometer (ICP-OES). For both the magnets and the scrap, 50 mg of milled, non-roasted solid was dissolved in 10 mL of 37% HCl at 70 C for 1 h. Pre-treatment of the solids includes three steps: (1) crushing the solids into fragments smaller than 5 mm by using a hydraulic press and a hammer; (2) further milling the obtained powder in a planetary ball mill (Fritsch Planetary Mill Pulverisette 7 with tempered steel balls Ø 15 mm) for 2 min at 700 rpm, and for 5 min at 500 rpm with a ball-to-powder weight ratio of 1.3; (3) sieving the powder using two sieves with pore sizes of 400 mm and 45 mm to obtain three fractions: a fraction with a diameter >400 mm, a fraction with a diameter between 45 and 400 mm, and a fraction with a diameter <45 mm. The fraction above 400 mm was discarded because it was too large. The fraction between 45 and 400 mm and that below <45 mm were named, respectively, S400/M400 and S45/M45, where S and M stay respectively for "scrap" and "magnet" and 400 or 45 stay for the upper limit of the particle size fraction (see ESI †).
The size distribution of the fractions between 45 and 400 mm and <45 mm were measured by a laser diffractometer (Malvern Masterizer 3000) operating in liquid mode (suspending uid: water; incident wavelength: l ¼ 470 nm and 632.8 nm). A muffle furnace operating at 950 C for 15 h was used to roast the sample. 36 Scanning electron microscopy (SEM) images and energy dispersive X-ray (EDX) spectra of the roasted samples were taken with a Philips XL 30 FEG microscope and data were analysed with the soware EDAX Genesis. The crystalline structure of the non-roasted and roasted solids was studied with quantitative powder X-ray diffraction (XRD) analysis using a Bruker D2 Phaser diffractometer. Homogenisation of the sample powder before analysis was done by milling 2.7 g of nonroasted or roasted scrap with 0. Proof-of-concept tests with CaCl 2 in dry [Hbet][Tf 2 N] to coordinate the metal ion by chloride ions instead of water were carried out with NdFeB dross from strip casting production, kindly provided by Less Common Metals Ltd. The dross is too oxidized to be remelted and currently it is not recycled at the company, but its similarity with roasted NdFeB magnets made it an interesting material to test. All the steps of crushing, milling (roasting was unnecessary) and the corresponding characterization, i.e. chemical composition, particle size distribution, quantitative XRD, were conducted in the same way as reported for the NdFeB magnets and scrap. The nomenclature in the ESI † also follows the scheme applied for the solids from Magneti Ljubljana, with D stating for dross.
Leaching tests
Leaching tests were performed at 175 C in 20 mL glass vials in copper blocks standing on a heating plate and open to the air. Polytetrauoroethylene-coated magnetic stirring bars were used to stir at 600 rpm. A volume of 5 mL of [Hbet][Tf 2 N] and a mass ratio ionic liquid/solid of 100 were used. Aer each test, the leachate was ltered with a glass bre lter with pore size P5. The composition of the leachate was analysed via total reec-tion X-ray uorescence spectroscopy (TXRF) with a Bruker S2 PICOFOX TXRF spectrometer equipped with a molybdenum Xray source. 38, 39 The data were analysed via the Bruker Spectra PICOFOX v. 7.5.3.0 soware. The leachate was diluted before analysing its composition as follows. A weighed amount of sample was dissolved in 8.5 mL of acetic acid (CH 3 COOH) and 1.25 mL of 65% nitric acid (HNO 3 ) to keep the pH low and to avoid precipitation of iron(III) hydroxide. Holmium was selected as standard, since the best data accuracy is obtained when the X-ray uorescence energies of the internal standard are as close as possible to the X-ray uorescence energy of the measured elements, but far enough to avoid an overlap of the peaks.
39,40
An aliquot of 0.9 mL of the leachate in the selected solvent was mixed with 0.1 mL of a 1000 mg mL À1 holmium standard.
Aerwards 1 mL of this solution was transferred on a quartz carrier, previously coated with 30 mL of silicone-isopropanol solution and dried for 30 min at 60 C. The carriers were dried again for 30 min at 60 C aer addition of the sample droplet.
Finally, the samples were analysed by TXRF spectrometer for 500 s. In preliminary tests, the relative standard deviation (% RSD) was calculated to check if the measuring time was sufficiently long to get accurate results for such a complicated matrix. 40 The leaching process was evaluated in terms of recovery efficiency and in terms of selectivity. The recovery efficiency, h (%), is the ratio in percentage of the total moles of metal in the liquid aer leaching (n f ) over the total moles initially in the solid (n 0 ):
The selectivity, [Fe] in the leachate at nal time (t f ), divided by the same ratio in the solid at initial time t 0 (see solids composition in the Results and discussion section).
The selectivity indicates how the concentration of the metal values relative to iron changes between the solid phase and the leachate. It has a reference value of 1.0 in case no metal is preferentially dissolved.
The dissolution efficiency of the solids was compared with the dissolution process of the pure metal oxides M 2 The effect of the water content in the ionic liquid L on the metal coordination was investigated by Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy (vide infra), Eu(III) emission spectra and lifetime measurements. The number of coordinating water molecules or, simply, the hydration number q, can be obtained by luminescence analysis only for Eu(III). Therefore, it was used as a model for the lanthanides present in the magnets Dy(III) and Nd(III).
Emission spectra and emission decay curves were recorded on an Edinburgh Instruments F900 spectrouorimeter (wavelengths of excitation l exc ¼ 394 nm and wavelength of emission l em ¼ 616 nm; Xe lamp, pulsed mode). Quartz cuvettes with 10.0 mm optical path lengths were used. Each measurement was replicated 3 times and the average is reported. 
where I(t) is the intensity at measuring time t, I 0 is the intensity at time t ¼ 0 ms, and s is the decay time, in milliseconds. C on the <45 mm magnet fraction.
EXAFS measurements
The chemical environment of Nd(III) in the roasted powder and of rare earths in the leachate was also determined by EXAFS analysis. As for the leachate, Pr(III) dissolved in [Hbet][Tf 2 N] was investigated since the authors had the opportunity to measure the absorption of X-rays around the Pr(III) K-edge. The K-edge of Nd(III) could not be reached with the used set-up at the beamline, but thanks to the similar properties of the lanthanides, conclusions similar to the results with Pr(III) can be drawn for Nd(III). 41 The spectra, of the L III -edge of Nd(III) (6208 eV) and of the K-edge of Pr(III) (41 990 eV), were collected at the DutchBelgian Beamline (DUBBLE, BM26A) at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The energy of the X-ray beam was tuned by a double-crystal monochromator operating in xed-exit mode using a Si(111) crystal pair for Nd and Si(3111) for the Pr. The measurements were done in transmission mode using Ar/He gas lled ionization chambers. The roasted powders were diluted with boron nitride and pressed into pellets. The Pr(III) samples were measured in plastic cuvette holders with a path length of 2.0 mm. Standard procedures were used for pre-edge subtraction and data normalization in order to isolate the EXAFS function (c). The isolated EXAFS oscillations, accomplished by a smoothing spline as realized in the program Viper, 42 were k 4 -weighted and
Fourier transformed over the k-range from 3 to 7.64Å À1 using a Kaiser-Bessel window function. The data were tted using the ab initio code FEFF 7.0, 43 which was used to calculate the theoretical phase and amplitude functions that subsequently were used in the non-linear least-squares renement of the experimental data. Fitting of the data of the roasted powders with the model was performed in R-space between 1.21 and 3.94 A for the roasted powders, and between 1.26 and 2.51Å for the Pr(III) dissolved in [Hbet][Tf 2 N]. Estimated errors on the obtained parameters were calculated by VIPER. S 0 was xed at 0.8. The data were modelled using the VIPER soware. A dynamic TGA was performed to nd the highest possible working temperature of the ionic liquid. Dynamic TGA allows to detect mass losses of the ionic liquid within a certain temperature range. In Fig. 3 , the dynamic TGAs of the ionic liquid and of the ionic liquid containing Fe(III), Nd(III) or Co(II) are shown. The samples were rst heated to 110 C and kept at this temperature for 5 h to remove the remaining water; aer which they were cooled to 50 C and kept at this temperature for 1 h.
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Results and discussion
Aerwards, the temperature was increased every 6 h by 50 C starting at 150 C and ending at 300 C at a heating rate of Therefore, it was decided to work at 175
C. An effect of the dissolved metals is noticeable only above 250 C, where especially Co(II) seems to stabilize the ionic liquid rather than to catalyse any decomposition reaction. The effect of the time on the stability of a compound at a certain temperature cannot be analysed by dynamic TGA but by isothermal TGA. An isothermal TGA measurement was carried out at 175 C at 1000 min (Fig. 4) .
Since the dynamic TGA measurements have revealed that the effects of metals are negligible at this temperature, the isothermal test was only performed on the pure [Hbet][Tf 2 N]. The results show that there is a constant loss of mass equal to 2% of the initial mass of the sample aer about 17 hours. In case of decomposition with production of gases a step would be observed in the trend of the remaining mass, while a constant loss of mass can be attributed to the residue water content of the ionic liquid.
Characterization and pre-treatment of the solid materials
The composition of the magnets and the scrap is reported in 
of metal values (Nd(III), Dy(III) and Co(II)) in the solids is approximatively half of the content of Fe(III).
The solid materials were crushed, milled and separated by sieving into three fractions: below 45 mm, between 45 and 400 mm and above 400 mm. The particle size distribution is described as a probability distribution function (PDF) in Table S1 . † The median, d 50 , is not affected by asymmetries in the curve and is therefore considered as a more reliable parameter to describe a distribution than the mode or the mean.
The distribution functions are very similar for each fraction of the two materials. This means that the scrap and the magnets not only have a similar chemical composition, as shown by the ICP analysis, but also similar hardness. The samples are in fact the output of the same production line since scrap is made of magnets not having the required specication in terms of magnetic properties, size, etc. Once demagnetised and oxidized, there is no difference between production scrap and magnets originating from the same production line in terms of chemical composition and thus of recycling performances. Therefore, the quantitative XRD (before and aer roasting) was executed only on the scrap. It shows a clear rearrangement of the alloy Nd 2 Fe 14 B into different oxides, such as NdFeO 3 and Fe 3 O 4 as summarized in Table 2 . There is a risk of partial oxidization of the non-roasted sample during the milling process. In fact, a high amount of energy is transferred to the point of impact between mill balls-material and material-material. This energy turns into a signicative punctual increase of temperature and the sample can react with the air in the mill pot with consequent metal oxidization. However, the oxide content was still below the detection limit of the XRD in the non-roasted sample. As for the roasted sample, iron is almost completely converted in hematite (Fe 2 O 3 ) and partly in the ternary oxide NdFeO 3 . More than 98% of Nd(III) is incorporated into NdFeO 3 , rather than in Nd 2 O 3 . SEM pictures of the solids before and aer roasting are reported in Fig. S5 -S7 in the ESI. † They show that the particles are uniformly distributed and that no sintering effects occurred during the milling process. However, smaller particles deposit on the larger ones.
The presence of NdFeO 3 aer roasting of the solids was veried by EXAFS measurements on the fraction of milled and roasted scrap below 45 mm. The structure reported by Streltsov and Ishizawa was used as a model. 44 The structure around the central Nd atom is highly disordered. For instance, ve different Nd-O distances are found ranging from 2.34 to 2.72Å. Also the distances from the Nd atom to the Fe atoms are ranging from 3.18 to 3.63Å. The distances to the next Nd atoms are between 3.82 and 3.98Å. To reduce the number of free parameters and to deal with the rather short k-range, we limited the number of paths to three and constrained them as found in the crystal structure of NdFeO 3 : (1) a single scattering path Nd-O; (2) a single scattering path from Nd to the Fe atoms, for which the degeneracy was constrained to be equal to the degeneracy of path (1); (3) a single scattering path between the central Nd atom and the nearest Nd atoms which was constrained to be 0.75 times the degeneracy of path (1) . Other paths are excluded from the t because of their low contribution to the EXAFS signal. The obtained parameters are reported in Table 3 together with the average values found in the crystal structure of NdFeO 3 . 44 All distances found are about 0.1Å shorter than found in the NdFeO 3 crystal structure. The EXAFS spectra of NdFeO 3 3 . This is further conrmed by the EXAFS data in Fig. S9 . † However, the two curves in this latter plot slightly differ from each other because one refers to a real, treated solid, while the other two data sets are taken from the literature. The patterns in Fig. 5 and S8 † are both from real, treated solids.
All the results regarding the characterization of the NdFeB dross from scrap casting are reported in the ESI (Tables S2-S4 †) . As expected, the dross is very comparable to the roasted NdFeB in every aspect: chemical composition, particle size and crystalline structure. Therefore, the conclusions drawn from the tests with the dross are valid also for roasted NdFeB magnets or production scrap. Fig. 7 and 8. The leaching results for NdFeB production scrap can be found in Fig. S10 and S11 in the ESI. † The leaching yields is below 10% for every metal at every leaching time or particle size. It is foreseeable from Fig. 7 that there is no preference to leach any of the metals. In fact, the selectivity ratio (Fig. 8 )
Leaching tests
is around 2 in every case beside than for the a N is the coordination number, dimensionless, r is the interatomic distance (Å), s is the Debye-Waller (Å 2 ) and r* is the interatomic distance expected from crystal structure. 44 The absolute errors on the average values are reported in brackets. fraction between 45 and 400 mm leached for 24 h, where it is around 5. This might anyway not be a case of selective conditions since the concentrations are very small and the error on the ratio can be signicant. In other words, the metals concentrations are close to 0 and a slight change, especially one in the denominator, can make the ratio to change signicantly. In general, the process is not selective since the amount of iron is still comparable to that of metal values and a next step of extraction will be necessary to separate the metals. The inuence of the different parameters (crystal structure, water content and coordination chemistry of the metals in the ionic liquid) were investigated to explain the differences in leaching rates.
At rst, the inuence of the structure in which the metal values are incorporated on the leaching efficiencies was studied by comparing the dissolution efficiencies of C. Fig. 9 shows that the dissolution of the pure metal oxides is more efficient than that of the magnet under the same conditions. The structure of the roasted magnets is more stable than that of pure metal oxides. is not due to differences in crystal structure as both materials were roasted by the same procedure. The particle size of the powder has an inuence on the dissolution of the particles itself because smaller particles dissolve faster than larger ones due to their higher surface-to-volume ratio. Dupont and Binnemans reported that particles with an average diameter of 6 AE 3 mm dissolve faster in water-saturated [Hbet][Tf 2 N] than particles of 73 AE 40 mm average diameter under the same conditions. The d 50 reported in Table S1 † is about 28 mm for the fraction <45 mm and 85 mm for the fraction 45-400 mm. Because of the error of AE40 mm, the latter fraction from Dupont's work is comparable with both the fractions reported in the current paper and similar results could be expected. Dupont and Binnemans also obtained higher recovery efficiencies than those obtained in this study with the dry ionic liquid at 175 C with equal stirring speed, stirring time, solid-toliquid ratio, and even with an upper particle size of 70 mm, which is greater than the upper particle size of the fraction <45 of this study. Water might affect the mass transfer in terms of a reduced viscosity or it might be required to saturate the coordination sites of the metals leaching into the ionic liquid Fig. 11 and 12 and the relative parameters in Table 4 , the EXAFS spectra are reported in Fig. S12 and S13 of the ESI. † Coordination of the lanthanides in the leachate was studied as well by luminescence spectroscopy and, more specically, via measurements of the emission decay time. Many Ln(III) ions exhibit luminescence, aer radiative absorption of energy from UV light or the energy transfer from the triplet state of a ligand. In particular, Eu(III) and Tb(III) show strong metal-ion uores-cence that may be applied to investigate the coordination environment of the ion. site. Depopulation of an excited state occurs via both radiative and non-radiative decay. The luminescence lifetime s is a combination of the probabilities for the two phenomena. In general, the lifetime is dened as the time aer which a population decreases by a factor of 1/e compared to its initial value. Eu(III) emission decay curves are shown in the ESI, Fig. S14 and S15. † The dissolution was carried out simulating the working conditions with dry and water-saturated ionic liquid. The hydration number q is shown in the plot and it was calculated according to eqn (5) . 41 The calculation of q conrms that no water molecules coordinate the metal ions in dry [Hbet] Fig. 14 , while the selectivity is reported in Fig. S16 . † No complete dissolution was achieved neither aer 72 h, but the recovery efficiencies signicantly increased for all the metals and in particular for Nd, with a leaching yield of more than 60% aer 24 hours. This led to the conclusion that a coordinating agent is necessary in the system to stabilise the metal ions in the In conclusion, the water produced by the dissolution reactions of the metal oxides shown in eqn (1) C and the decomposition temperature of the ionic liquid, at atmospheric pressure, have not been explored so far. New insights into the metal leaching mechanism and the metal coordination are provided by replacing water with other coordinating molecules, such as nitrate and chloride salts. This additive should be (1) not (or barely) volatile at the working conditions, (2) a strong ligand, (3) small, to minimise the steric hindrance, and (4) acidic, to be able at the same time to coordinate but also to leach the metal.
Conclusions
This paper provides new insights in the dissolution mechanism of metal oxides by [Hbet][Tf 2 N] at leaching temperatures higher than typically used in hydrometallurgical leaching processes. The leaching of NdFeB magnets and production scrap with the ionic liquid [Hbet][Tf 2 N] at 175 C and at atmospheric pressure has been studied, focusing in particular on metal coordination and the leaching mechanism. It is shown that two factors affect the leaching yields and the selectivity: the roasting step and the absence of water. The neodymium in the NdFeB magnets or production scrap is converted in the very stable NdFeO 3 structure during the roasting. This complex oxide dissolve much slower than the pure metal oxides (Fe 2 O 3 or Nd 2 O 3 ). The roasting conditions are to be optimised to obtain Nd 2 O 3 and Fe 2 O 3 instead than the complex oxide NdFeO 3 . Water has the crucial role to saturate the coordination sphere of the metals. It has been shown that in absence of water, improved leaching rates can be achieved by the addition to the ionic liquid of small, metal coordinating groups such as CaCl 2 and that an efficient leaching system has to contain a dissolving agent and a coordinating agent as well.
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